Brice Bosnich, an Australian inorganic chemist, graduated from the University of Sydney and obtained his PhD at the Australian National University, Canberra. He then worked successively at University College London, the University of Toronto and the University of Chicago. He had an abiding interest in stereochemistry and its relationship with chemical reactivity, and in the chirality and optical activity of coordination and organometallic complexes, mainly those of the d-block elements. His early studies concerned the topological and conformational behaviour of classical coordination compounds, mainly of cobalt(III), and made extensive use of the technique of circular dichroism. He put this background to elegant use in perhaps his most distinctive work, namely, the design and synthesis of a C 2 -symmetric ditertiary phosphine, (S,S)-chiraphos, the rhodium(I) complex [Rh{Ph 2 PCH(CH 3 )CH(CH 3 )PPh 2 }] + of which catalysed efficiently the homogeneous hydrogenation of prochiral enamides to amino acids in high optical purity. Bosnich traced the high enantioselectivity to the chiral array of P-phenyl substituents that is generated on coordination of (S,S)-chiraphos. In principle, catalytic enantioselective synthesis represents a powerful and economic method of introducing chirality into the synthesis of biologically active molecules, which, since the thalidomide tragedy, are required to be marketed only in optically pure forms. Dissymmetric ligands similar to (S,S)-chiraphos are now routinely employed in this type of synthesis. Bosnich developed several other enantioselective processes based on organo-transition metal chemistry. He also had several quasi-theoretical interests, including the possible use of circular dichroism to determine the absolute configuration of chiral metal complexes, and the development of a molecular mechanics force field for metallocenes. He maintained a strong interest in the properties
chemistry as a sub-discipline in the 1980s. Dwyer was an acknowledged expert on the stereochemistry, optical activity and biological activity of coordination compounds, especially those of octahedrally-coordinated cobalt(III) and ruthenium(II); he, and his younger colleague, Alan Sargeson, were important influences on Bos. Dwyer died suddenly in 1962 at the early age of 51, and the direction of the Biological Inorganic Chemistry Unit eventually passed to Sargeson, with whom Bos maintained a close friendship throughout his career (in Australian parlance, they were 'mates'). Ultimately, the unit was absorbed as Sargeson's research group into the Research School of Chemistry after that had been set up in 1966.
Bos's first two publications from his PhD work appeared in Nature (1, 2)*, and the second was in his name only, perhaps even at this early stage reflecting his talent and ambition. The first paper deals with the rate of exchange of optically active 1,2-propylenediamine tetraacetic acid with various metal complexes of the d-enantiomer, measured by polarimetry. The second paper (2) concerns the kinetics of displacement of pyridine from the cation cis-[Ru(1,10-phen) 2 (py) 2 ] 2+ in dry acetone or 1,2-dichlorobenzene by a series of anions (X − ).
In acetone, for the anions Cl − , Br − , I − , NCS − and OH − , the substitutions are first-order in complex and independent of anion concentration and are, therefore, presumably unimolecular (S N 1), whereas for N 3 − , NO 2 − and CN − the reactions are first-order in complex and first-order in the anions, and are presumably bimolecular (S N 2). Bos postulated that the bimolecular reactions were assisted by π-bonding in the transition state from filled d-orbitals on Ru(II) (4d 6 ) to vacant p(π) orbitals on the anions, and he coined the term 'amphiphiles' for ligands that operate by this mechanism, though it seems not to have been generally adopted.
An important feature of this system is the absence of ionizable N−H protons on the coordinated amines, which eliminates the ambiguity inherent in studies of the base hydrolysis of cobalt(III) pentammines.
After completing his PhD work, Bos moved to University College London (UCL), initially as a Department of Scientific and Industrial Research (DSIR) Postdoctoral Fellow (1962-63), then as an ICI Fellow (1963-66 ) and finally as a lecturer. His expressed aim was to work with Sir Christopher Ingold FRS, the doyen of the UK school of mechanistic organic chemistry, whom he greatly admired. In the early 1950s, in collaboration with R. S. (later Sir Ronald) Nyholm (FRS 1958) , Ingold had attempted to extend the studies of substitution at tetrahedrally-coordinated carbon to substitution at octahedrally-coordinated cobalt(III) and had advocated a bimolecular (associative) mechanism for the base hydrolysis reaction shown above. This proposal had later to be abandoned in favour of the so-called S N 1-conjugate base (dissociative) mechanism, in which a proton is abstracted in a rate-determining step from one of the ammonia ligands to generate a transient five-coordinate amido intermediate [Co (=NH 2 
)(NH 3 ) 4 ]
2+ , which is then rapidly captured by an entering nucleophile (e.g. water). Many of the Ingold group's arguments had been based on the observed cis-to transisomerization during substitution at the metal centre in cis-[Co(en) 2 Cl 2 ] + (en = ethylene-1,2-diamine) and one of Bos's first publications from UCL concerned chloride ion exchange with this cation in methanol (3).
As a postdoc at UCL with Martin Tobe, Bos carried out early work on the coordination chemistry of the 14-membered ring ligand 1,4,8,11-tetraazacyclotetradecane (cyclam), with cobalt(III) and nickel(II) (4, 5) . In almost all cases, the ligand was shown to be tetradentate, with the nitrogen atoms occupying a square plane about the metal atom. The nickel(II) complexes [Ni(cyclam)X 2 ] show different magnetic behaviour depending on the anion X: the mauve dichloro-and dibromo-complexes are paramagnetic, with two unpaired electrons, whereas the orange di-iodide and the orange di(perchlorate) are diamagnetic; these differences were ascribed to increasing tetragonal distortion. He also collaborated with Bob Gillard, at the University of Sheffield, in a study of nickel(II) complexes of optically active diamines that can exist in yellow, diamagnetic, and blue, paramagnetic, modifications (6) .
Also at UCL, Bos began extensive studies on the circular dichroism (CD), that is, the differential absorption of left-handed and right-handed polarized light, (ε l − ε r ), exhibited by optically active (dissymmetric) complexes. This property is intimately associated with the spectroscopic transitions of these complexes, the sign of the CD for a particular electronic transition being related to the absolute configuration. The d→d transitions of these dissymmetric complexes show strong CD when the transition is magnetic dipole-allowed in the donor group microsymmetry of the complex. In principle, it may be possible to determine the chirality (handedness) of a particular complex without reference to the independently determined absolute configuration of any other complex. All that is required is the CD shown by certain electronic transitions of known polarization. Bos showed how this applied to dissymmetric coordination compounds containing the conjugated ligands 1,10-phenanthroline (phen), 2,2 -bipyridyl (bipy) and the acetylacetonate ion (acac), and he formulated a general rule relating the CD of long-axis polarized transitions of the coordinated ligands with the absolute configurations of the metal complexes (12) (13) (14) .
Bos demonstrated the potential application of CD measurements to non-dissymmetric complexes by showing that a solution of the disodium salt of the planar anion [PtCl 4 ] 2− in d-(−)-2,3-butanediol displays CD in one of its three spin-allowed d→d transitions ( 1 A 1 g → 1 A 2 g ; z-polarized), suggesting that the solvent exerts its dissymmetric influence at the tetragonal positions (+z, −z) of the anion (7). Other asymmetric syntheses, transformations and inductions could also be achieved in optically active 2,3-butanediol (9 + (11). Benzil and benzophenone dissolved in this solvent showed optical activity in the region of the n→π carbonyl absorption, probably arising from hydrogen bonding between the solvent and the carbonyl group (9). These observations are related to a wellknown asymmetric transformation, the so-called Pfeiffer Effect, in which addition of an optically active substance to a solution containing a racemic mixture causes partial or complete resolution. The effect arises, in principle, because the interactions of the enantiomers of a dissymmetric molecule with a dissymmetric environment are energetically different, or, as Bos loved to point out, asymmetry begets asymmetry. , are paramagnetic, with two unpaired electrons. Bos's re-investigation of this problem, which was his first foray into the coordination chemistry of tertiary arsines, was not an unqualified success. He improved the preparation so that larger amounts were available for study and noted that the UV-vis spectrum of the cation was very different from those of typical, octahedrally-coordinated nickel(II) complexes. Unaccountably, however, he did not use a suitable deuterated solvent to record the complete 1 H NMR spectrum, thus missing some crucial As-Me resonances. Such a measurement would almost certainly have revealed the correct solution to the problem. Instead, a less than convincing quasi-theoretical explanation for the diamagnetism was advanced (8 . These environmental variations suggested that the metal d-electrons are subject to various sources of molecular dissymmetry, which, individually, generate opposing CD effects in a particular transition. These factors include the puckering of chelate rings and chiral displacements of donor atoms. To quote from the final paper of the series: 'Except for narrowly specified and thoroughly investigated systems, the prospect of developing reliable regional rules for conformationally dissymmetric complexes on the basis of their d-d circular dichroism spectra appears bleak indeed' (25).
With Greg Jackson and Bruce Wild, Bos pursued the chemistry of cobalt(III) complexes of chelating ditertiary arsines, especially dissymmetric arsines, in part as a prelude to the extension of his research into asymmetric catalysis, in part to compare the electronic absorption and CD spectra of cobalt(III) complexes containing 'soft', covalently binding donor centres such as arsenic with those of the more traditional, 'harder' amine and O-donors. A tour de force was the synthesis of the linear quadridentate ligands tetars [Me 2 As(CH 2 ) 3 As(Ph)CH 2 CH 2 As(Ph)(CH 2 ) 3 In many respects, this elegant work signalled the end of the early dominance of tertiary arsines over tertiary phosphines in coordination chemistry arising from their relative ease of synthesis. Improved syntheses of both monodentate and especially multidentate phosphines were becoming available; their complexes are usually more stable than those of the corresponding arsines and the presence of the 31 P nucleus (100% abundance, I = ½) enables NMR studies that provide a wealth of structural and bonding information.
The seminal discovery in Geoffrey Wilkinson's group (Osborn et al. 1966 ) that the rhodium(I) complex [RhCl(PPh 3 ) 3 ] catalyses the homogeneous hydrogenation of olefins soon inspired efforts to modify the catalyst for asymmetric hydrogenation. Monodentate phosphines were generally employed, some having chiral phosphorus centres, others having chiral substituents on the alkyl groups attached to phosphorus. In general, the optical yields of the hydrogenation products were low, undoubtedly owing to the conformational lability of the chiral substituents.
Cationic bidentate ditertiary phosphine complexes of rhodium(I), such as [Rh(Ph 2 PCH 2 -CH 2 PPh 2 )] + , also catalyse olefin hydrogenation (Halpern et al. 1977 ) and, with chiral ditertiary phosphines in particular, (Z)-N-acylaminoacrylic acids are readily hydrogenated to N-acylamino acids with optical yields of >95% (Kagan & Dang 1972; Vineyard et al. 1977 ). The probable basis for this at first sight surprisingly high enantioselectivity was made clear by Bos's work discussed below.
Like their analogues formed by N-donors, saturated five-membered chelate rings formed by a ditertiary phosphine such as Ph 2 PCH 2 CH 2 PPh 2 exist as a pair of rapidly interconverting, puckered conformers (figure 2). From his studies on classical coordination compounds, Bos knew that a methyl group substituted on one or both of the carbon atoms of the chelate ring occupies preferentially an equatorial site and locks the ring into a rigid chiral conformation. Moreover, the puckering fixes the phenyl group orientations on the phosphorus atoms so that they occupy quasi-axial and quasi-equatorial sites in a chiral array. + . This solution, at 25°C/1 atm, catalyses the quantitative hydrogenation of a range of N-acylaminoacrylic acids to give exclusively the R-enantiomers of the N-acylamino acids in high optical yields (80-100%). In two of the systems examined, those derived from leucine and phenylalanine, the products were obtained optically pure, within the limits of detectability. The authors proposed that the main source of chiral discrimination arose from the interaction between the chiral array of PPh 2 groups and the prochiral vinyl groups of the N-aminoacrylic acid substrate; this feature is also evident in the numerous other chiral bidentate ditertiary phosphines that have found application in homogeneous hydrogenation.
Later, Fryzuk and Bos (32) synthesized a ligand resembling (S,S)-chiraphos but containing only one equatorially disposed methyl group on the chain connecting the + also catalyses quantitatively, at 25°C/1 atm H 2 , the hydrogenation of N-acylaminoacrylic acids to the corresponding N-acylamino acids, the process being 4-5 times more rapid than that with the corresponding chiraphos system. Because of the opposite chirality of the catalysts, the resulting N-acylamino acids also have opposite chirality, being S in the case of (R)-prophos and R for (S,S)-chiraphos, corresponding to the 'natural' and 'unnatural' amino acids, respectively.
An attractive feature of the (R)-prophos catalyst is its ability to 'breed' its own chirality. The procedure is shown in figure 5 . The enol acetate derived from cheap, readily available ethyl pyruvate is hydrogenated in the presence of the [Rh{(R)-prophos}] + catalyst to (S)-ethyl-Oacetyl lactate in 81% optical purity, and in the presence of [Rh{(S,S)-chiraphos}] + catalyst to the enantiomer, (R)-ethyl-O-acetyl lactate, in 84% optical purity. These are then reduced by LiAlH 4 to the (S)-and (R)-diols, CH 3 CH(OH)CH 2 OH, which can be converted, following the procedure of figure 3, into (R)-and (S)-prophos, respectively (note that inversion occurs at the step where PPh 2 is introduced). Thus, in principle, infinite amounts of chiral prophos can be generated starting from small amounts of either (R)-prophos or (S,S)-chiraphos.
Fryzuk and Bos (33) also employed the (S,S)-chiraphos or (R)-prophos rhodium(I) catalysts in an ingenious synthesis of chiral methyl chiral lactic acid, which is a potential source material for other stereospecifically labelled substrates for biogenetic studies. The principle of the method is illustrated in figure 6 . The catalytic, stereospecific cis-addition of deuterium to the tritium-labelled enol acetate gives a reduced product in 81% optical purity. By use of the (R)-prophos and (S,S)-chiraphos rhodium(I) catalysts, all 12 possible permutations of labels and chirality can be prepared.
In a later paper (36), two ligands similar to (S,S)-chiraphos and (R)-prophos were synthesized, namely, (S,S)-skewphos (2,4-bis(diphenylphosphino)pentane) and (S,S)-chairphos (1,3-bis(diphenylphosphino)butane).
On complexation with rhodium(I), these ligands form six-membered chelate rings, for which various conformations are potentially available. Skewphos can adopt a chiral skew conformation with its two methyl groups in preferred equatorial positions, thus fixing the PPh 2 phenyl groups in a chiral array similar to that of (S,S)-chiraphos. In contrast, the chair conformation of (S)-chairphos is achiral, hence the PPh 2 phenyl groups of this ligand are not in a chiral array. Indeed, [Rh{(S,S)-skewphos}] + in THF, ethanol or methanol catalyses the hydrogenation of N-acylaminoacrylic acids (with one exception) to the corresponding amino acid derivatives with optical yields as high as, or even higher than, those obtained with [Rh{(S,S)-chiraphos}]
+ and [Rh{(R)-prophos}] + , whereas the optical yields obtained with the corresponding (S)-chairphos system are generally only 1-15%. The only exception to this generalization occurs with leucine, which gives poor optical yields with both catalyst precursors, possibly because skewphos flips into a quasi-symmetrical chair conformation at some stage during the catalytic cycle.
The mechanism of rhodium(I)-diphos-catalysed asymmetric hydrogenation of N-acyl aminoacrylic acid precursors has been established by the groups of Jack Halpern in Chicago (Chan et al. 1979 ) and John M. Brown (FRS 1996) in Oxford (Brown & Chaloner 1980a , 1980b )-see reviews by Bos (37, 39). In the first step, an equilibrium mixture of four-coordinate rhodium(I) diastereomers is formed, in which the acrylic acid function and the N-acyl oxygen atom act as a chelate group, as shown in figure 7 for ethyl (Z)-α-acetamidocinnamate, PhCH = C(CO 2 Et)(NHCOMe). It turns out that it is the minor diastereomer, which may be present in undetectable amounts, which controls the chirality of the final hydrogenated product because of its much faster addition of hydrogen.
In a collaboration with Halpern, Bos and co-workers (38) established that the CD spectra of the major diastereomer are identical both for the isolated compound and in solution; therefore, this is not a case where the less soluble, less abundant diastereomer has been removed selectively from the equilibrium in solution, and the observation serves to support the proposed mechanism of asymmetric hydrogenation.
From a quasi-theoretical perspective, Bos and co-workers (47, 48) employed molecular graphics to analyse the addition of H 2 to the major and minor diastereomer precursors shown in figure 7. Since endothermic H 2 addition is the first irreversible step involving the diastereomeric transition states, the origins of the enantioselectivity are completely defined by this step. Molecular graphics is essentially a sophisticated model-building procedure coupled with van der Waals energy minimization. It turned out that, of the possible modes of H 2 addition, six generated impossibly large atom-atom interactions between the substrate and the P-phenyl groups and were, therefore, unlikely to be involved in asymmetric hydrogenation. The two remaining paths, one for each diastereomer, apparently lacked such interactions. The trajectory calculations did, in fact, indicate the pathway from the minor diastereomer to be favoured, in agreement with observation, although the authors counselled caution in accepting this conclusion owing to the approximations made in the calculations. With Pamela Auburn, John Whelan and Peter Mackenzie, Bos now turned his attention to developing a homogeneously catalysed, enantioselective carbon-carbon bondforming reaction (40-43). The system chosen was palladium-catalysed allylation, on which considerable earlier work had been done from an organic chemistry perspective, especially by Trost and P. E. Strege (Trost & Strege 1977; Trost 1980 ). An allylic acetate undergoes irreversible oxidative addition to a palladium(0) (4d 10 ) bis(tertiary phosphine) species to generate a cationic η 3 -allyl bis(tertiary phosphine) palladium(II) complex. This is then attacked at the η 3 -allyl terminus by nucleophiles (Nu − ), such as amines, enamines and soft carbanions, such as dimethyl malonate anion, to give a palladium(0)-alkene complex, which in turn eliminates the product of nucleophilic addition, regenerating the catalyst (figure 8). The oxidative addition and reductive elimination steps both occur with inversion of configuration at the terminal allylic carbon atom, hence the total process involves net retention of configuration. The reaction can be modified for catalytic asymmetric synthesis by use of a chiral bidentate ligand such as (S,S)-chiraphos. Bos and co-workers showed that the type of η 3 -allyl most suitable for asymmetric synthesis is that shown in figure 9 , where the nucleophile attacks exclusively at the less substituted terminus to give a chiral product. The η 3 -allyl species is generated by oxidative addition of 1,1-diarylallylic acetates such as Ph 2 C=CHCH(Ph)(OAc), PhCH=CPh 2 (OAc) or Ph 2 C=CH(CH 3 )(OAc) to the palladium(0) species [Pd{(S,S)-chiraphos}], leading to a pair of chiral η 3 -allylpalladium(II) diastereomers. With sodium bis(dimethylmalonate) or benzylamine as nucleophiles, and (S,S)-chiraphos as the ligand, the optical yields of the nucleophilic addition products were generally ca 65%, and in one case ca 85%, considerably higher than reported previously for this type of reaction. The air-sensitive catalyst was generated in situ by treatment of the air-stable salt [Pd(η 3 -C 3 H 5 ){(S,S)-chiraphos}]ClO 4 with the nucleophile. Detailed studies showed that the prevailing chirality of the product arose from the more abundant diastereomeric intermediate, in contrast with the mechanism of catalytic asymmetric hydrogenation of N-acylaminoacrylic acids.
A feature of the 1,1-diaryl substitution pattern of the substrate is that it causes rapid epimerization of the η 3 -allyl intermediate before nucleophilic attack occurs, thus allowing the use of either chiral or prochiral allylic acetates in the oxidative addition, Moreover, the 1,1-diaryl groups can be removed oxidatively after the reaction, thus giving substituted succinic acids of R-configuration in optical yields of ca 60-80%, when (S,S)-chiraphos is used as the chiral auxiliary (figure 9).
With David Fairlie (46), Bos investigated the Rh-catalysed isomerization of 4-pentenals to cyclopentanones. The catalyst was either [Rh(dppe)(NBD)]ClO 4 /H 2 or the binuclear arylbridged dirhodium(I) salt [Rh 2 (μ-dppe) 2 ][ClO 4 ] 2 , which can be isolated from this solution (Halpern et al. 1977) . The best solvents for catalysis were dichloromethane or nitromethane, in which monomeric species [Rh(dppe)(solvent) 2 ] + were present. The catalyst was cleaner and more efficient than the previously used [RhCl(PPh 3 ) 3 ] and, unlike this compound, it did not abstract CO from the aldehyde. The reaction can be described as an intramolecular hydroacylation, proceeding by oxidative addition of the aldehyde C-H bond to Rh(I), insertion of the Rh-H bond into the coordinated olefin and reductive elimination of cyclopentanone from the resulting rhodiacyclohexanone, as shown in figure 10. All these steps except the last are fast and reversible and no intermediates could be detected; the proposed mechanism was consistent with extensive deuterium-labelling experiments. An aspect of asymmetric synthesis that received some attention from Bos at Toronto involved enantiotopic atom rather than enantiotopic face discrimination. The process was the formation of chiral glycine, H 2 NCHDCO 2 H, which can be carried out enzymatically. However, the methylene protons of an amino acid coordinated to a transition metal complex are also exchanged under basic conditions. In order to differentiate the glycine methylene protons, Bos and co-workers (44) In the complex, the pro-R and pro-S methylene protons of the glycine moiety are inequivalent and the latter are abstracted preferentially by base. The optical purity of the chiral glycine increased continuously with the extent of the reaction and (S)-glycine could be obtained after work-up to any desired optical purity.
In Toronto, Bos was involved with two other projects. One was the synthesis of copper(II) complexes of a variety of chelate N-and S-donor ligands (30, 35, 45) with the aim of mimicking the electronic spectra of blue electron-transfer proteins such as plastocyanin (Guss & Freeman 1983 ) and azurin (Norris et al. 1986 ). The second project was concerned with circular differential Raman scattering (CID). An optically active molecule will scatter rightand left-circularly polarized light to a different extent and CID has the potential to provide information about both the absolute configuration and conformation of a molecule. In practice, the technique has proved to be far from routine and prone to artefacts: an early report of CID in α-phenylethylamine (19) proved to be mistaken for this reason. Later, Bos, Martin Moskovits and their co-workers reported CID from a series of optically active sulfoxides (31) and terpenes (34) using, in the latter case, a specially developed multichannel spectrometer. The authors concluded that these measurements could potentially become routine, but more systematic measurements on series of related compounds would be needed.
Bosnich's research at the University of Chicago (1987-2000)
Bos took with him John Whelan and Pak-Hing Leung, as postdoctoral fellows from Toronto, and Steve Bergens, as a PhD student, to expand his research on homogeneous catalysis and asymmetric synthesis, especially that based on [Rh(diphos)] + . A remarkable result was the discovery by Steve Bergens (49) that [Rh 2 (dppe) 2 ][ClO 4 ] 2 in freshly distilled acetone at 25°C rapidly isomerized allyl alcohol to an approximately 1:1 mixture of E-and Z-propenol, which, in the absence of traces of acidic or basic catalysts, persisted in dilute acetone for up to two weeks. Similar observations were made with other substituted allylic alcohols. Contrary to received wisdom at the time, therefore, enols are not transient molecules under these conditions, although they are very reactive. Intermediates in the isomerization could not be detected, but deuterium-labelling experiments were consistent with a 1,3-hydrogen shift mechanism involving a hydrido(η 3 -allyl) intermediate ( figure 11 ).
Chiral versions of the [Rh(diphos)]
+ cation were found to catalyse enantioselective intramolecular hydrosilation.
The diphosphines used were (S,S)-chiraphos and Noyori's ligand (S)-binap; chemical yields were in the range 60-100% and enantiomeric excesses (ee) ranged between 8 and 60%.
The Si-alkyl bonds in the products were cleaved under basic conditions to give chiral 1,3-diols. Nearly quantitative optical yields were obtained with terminal olefin aryl substitutents (R 1 = aryl) and with R 3 = silacyclohexyl (C 5 H 10 Si). The catalysis is believed, on the basis of deuterium-labelling experiments, to proceed by Si − H addition to the olefin in the coordination sphere of [Rh(diphos)] + (50, 51). The work carried out in Toronto on the Rh-catalysed hydroacylation of 4-pentenals to cyclopentanones was extended in Chicago to 2-substituted-4-pentenals to form chiral 3-substituted cyclopentanones, again with use of ca 4 mol% [Rh{(S,S)-chiraphos)}] + and [Rh{(S)-binap)}] + in CH 2 Cl 2 or acetone as the catalysts at 25°C. Chemical yields were quantitative, optical yields were modest to good (40-80%) for primary and secondary alkyl Figure 11 . Catalysed isomerization of allyl alcohol to E-and Z-propenol.
groups and for aryl groups at the 2-position. However when tertiary, ester or acyl groups were present at the 2-position, the optical yields rose spectacularly to almost quantitative (S-isomer) for the S-binap catalyst (62, 68, 69) .
The [Rh(diphos)]
+ catalyst based on (S,S-Me-diphos) in acetone proved to be an effective catalyst (25°C, 5 mol%) for the enantioselective hydroacylation of 4-pentenals bearing a range of primary or secondary alkyl groups at the 2-position (70). The optical yields of 3-cyclopentanones were consistently high (93-96% ee, S) and varied remarkably little with substituent. Optical yields were more modest for 2-substituted tertiary groups, such as t-butyl, Me 3 Si or PhMe 2 Si, and for aryl groups.
Although [Rh(diphos)] + -catalysed hydrosilation and hydroacylation appear superficially similar, the mechanisms of the two reactions are of course different and no simple conclusions about the origins of enantioselection could be drawn (61, 63, 74). In both cases, however, the S-binap catalyst gave much better enantioselectivity. As in homogeneous hydrogenation, an important factor controlling enantioselectivity is probably interaction of the substrate with the quasi-axial and quasi-equatorial P-phenyl groups of the catalyst; in (S)-binap these orientations appear to be more clearly defined than in (S,S)-chiraphos.
The enantioselective catalytic processes studied by Bos exemplify a potentially powerful and economic method for generating chiral pharmaceuticals, whose biological activity is likely to depend crucially on their handedness. As a consequence of the thalidomide tragedy, such molecules are required now to be marketed in an optically pure form, not as a racemate.
It is well known that Diels-Alder reactions, in which, for example, α,β-unsaturated aldehydes or ketones (dienophiles) undergo (4 + 2) cycloaddition with 1,3-dienes, are These air-stable catalysts are effective at a few mol% loading, even at 25°C, in dichloromethane or nitromethane. A chiral titanocene derivative catalysed the Diels-Alder addition of methacrolein and cyclopentadiene with 98 : 2 exo : endo selectivity and 75% enantiomeric excess (figure 12), a decisive confirmation of the role played by the metal centre in the process (60, 67).
The compound [TiCp 2 (OTf) 2 ] was also shown to catalyse the synthetically useful Mukaiyama cross-aldol reaction between a carbonyl compound and a silyl enol ether, but the true catalyst in this case was found to be trimethylsilyl triflate, Me 3 SiOTf, traces of which were generated via triflic acid formed by reaction of small amounts of water with the titanocene compound (57, 66). This reaction path was suppressed when catalysts based on lanthanide or zinc complexes were used (72) . The ruthenium complex cited above also catalysed the Mukaiyama reaction but electron-transfer from the silyl enol ether gradually deactivated the catalyst (56) .
Possibly motivated by his venture into chiral titanocene catalysis, Bos tackled the problem of developing a molecular mechanics force field for metallocenes. Organic chemists have routinely used molecular mechanics to understand strain and steric hindrance, and inorganic chemists have applied it to the structures of classical coordination compounds, especially cobalt(III) complexes. With Clark Landis (53), Bos developed a self-consistent molecular mechanics force field, derived from vibrational spectra, for the series of linear metallocenes [M(η 5 -C 5 H 5 ) 2 ] n+ (n = 0, M = Fe, Ru, Os, V, Cr, Co, Ni; n = 1, M = Fe, Co) and used it to examine some interesting structural problems. Whereas ferrocene, ruthenocene and osmocene have eclipsed conformations in the vapour phase, only the last two retain this arrangement in the crystalline state; ferrocene is disordered as a crystal. The molecular mechanics programme indicated that the barrier to internal rotation in both ferrocene and ruthenocene is of electronic origin and considerably higher for the compound of the 4d-element (ca 6 kcal mol −1 compared with ca 0.9 kcal mol −1 ) (53, 64). Methyl substitution in the C 5 ring causes a preference for the staggered conformation. Molecular mechanics also supported the suggestion that the bent structures observed for some M(η 5 -C 5 Me 5 ) 2 derivatives of the lanthanides and alkaline earth elements (though not magnesium), which are not expected on the basis of simple bonding arguments, arise from van der Waals attractive forces between the methyl substitutents. The bis(cyclopentadienyl) derivatives of germanium, tin and lead are also known to be bent in the vapour phase and molecular mechanics predicted that this will hold for the C 5 H 5 and C 5 Me 5 derivatives owing to van der Waals attractive forces. Thus, it is not necessary to invoke the existence of a stereochemically active lone pair of electrons on the Group 14 element to account for these results, though of course it cannot be ruled out (58, 64) .
The molecular mechanics force field was also applied successfully to bent, substituted cyclopentadienyl complexes of Ti, Zr and Hf (64, 65) , including the strapped (ansa) derivatives containing ethylene-1,1 -bis(tetrahydro)indenyl, the zirconium derivative of which is the catalyst precursor for isotactic polymerization of propylene.
In a series of papers dealing with the reactivity of bimetallic complexes, Bos was motivated by the desire to model the chemistry of the di-iron respiratory protein, haemerythrin, which absorbs dioxygen reversibly by the following process: The two iron atoms of haemerythrin in its resting state are divalent, one being sixcoordinate, the other five-coordinate, and are bridged by hydroxide and two carboxylate groups. Dioxygen adds to the five-coordinate iron atom and is reduced sequentially by each of the Fe 2+ centres to a hydroperoxide ligand, the proton being hydrogen-bonded to the newly formed oxo-bridge. The hydroperoxide group is shielded by the hydrophobic pocket of the surrounding protein.
From 1992 on, with Cassandra Fraser, David McCollum and others, Bos invested much ingenious effort into the design and synthesis of binucleating macrocyclic ligands, the complexes of which, it was hoped, would model such one-site, two-metal atom oxidation reactions. All too often, however, oxidation of one metal atom deactivated the other to further oxidation, apparently as a consequence of mechanical coupling between the two sites transmitted by the macrocycle (71, 75) . Some success was finally achieved with a dicobalt(II) macrocycle containing a bridging oxadiazole group (77, 80, 81) .
Recognizing the shift of emphasis that was occurring in chemistry, derived from materials science and biology, towards supramolecular structures and molecular recognition, Bos began a programme of research in this area during his last 7-8 years in Chicago. His group designed and synthesized in gram-quantities dicationic receptor (host) units, as their PF 6 salts, in which two tridentate 2,2 : 6 ,2"-terpyridine chelate ligands (figure 13), and their complexes with planar-coordinated Pd(II) or Pt(II), are disposed cofacially with a separation of ca 7 Å. The resulting cleft can reversibly accommodate planar aromatic molecules, such as 9-methylanthracene, and planar metal complexes. The properties of these host-guest adducts are described in some of Bos's later work (76, 78, 79, 82, 83) .
Personal life
Bos went to great lengths to keep his personal life and his career in chemistry separate. Few of his academic colleagues knew much about his background and upbringing, while cousin George says that he knew little of Bos's academic achievements. At the meeting held to celebrate his life (Crowley et al. 2016) , his colleagues were generally agreed that, in addition to his deep insight into stereochemistry and asymmetric synthesis, Bos possessed a remarkable and unmatched blend of idiosyncratic traits.
He loved a joke, a smoke and a beer (figure 14) and he was often good company and very funny, but such social occasions with colleagues were not always just bonhomie and good humour. He derived pleasure from provoking and riling and invented nicknames that were unceremoniously bandied about. He had a fund of vivid similes and phrases, of which 'like a rat up a drainpipe', and 'as the actress said to the bishop' are printable examples.
As a doctoral student at the JCSMR in the 1960s, Bos stayed at University House, a conservatively governed graduate residence modelled on an Oxbridge college. He, among others, was noted for larrikin behaviour and for his informal attire, which was complemented by a pair of disreputable desert boots. On one occasion, Ron Nyholm was scheduled to visit the ANU from UCL. As a joke, Bos's supervisor, Frank Dwyer, had emphasized repeatedly beforehand that Nyholm was a stickler for personal neatness and tidiness. On the morning of Nyholm's visit, Bos appeared at University House breakfast wearing a suit and well-polished shoes, causing the academics in the Hall to rise spontaneously from their seats and applaud: a far cry from the professor in Toronto and Chicago, who always dressed well, claimed he was a good cook, and patronized fine restaurants; the boy from Tully had definitely arrived! At UCL Bos became fascinated by the English upper class and its accent and he often mimicked the famous remark of former Prime Minister Harold Macmillan to the British electorate, 'You've never had it so good', catching precisely the air of languid superiority with which Macmillan delivered it.
At one stage he occupied a lab next to Ron Nyholm's office and was known to deliver, at the bellow, 'Let me put it to you this way', which Nyholm often used when fending off an unwelcome or difficult request. It was undoubtedly audible, as it was intended to be, in Nyholm's office. Bos liked to illustrate the perfectly captured gesture and intonation when he asked Nyholm for a salary rise to help him survive in the expensive city. Nyholm wrapped his hands together and replied, 'Bos, my hands are tied. ' Despite his vastly improved standard of living in Toronto, Bos the larrikin was never far away. An Argentine restaurant that served excellent steaks was treated one evening in 1987 (five years after the Falklands War) by Bos and his rowdy English and Australian companions to spirited renditions of Rule Britannia. They were probably fortunate not to be summarily thrown out.
Bos could be cantankerous and pig-headed. Convinced that he could make better wine than the Canadians, he used his students to till land and plant grapes on a country property in Ontario belonging to Doug Butler, a professor of organic chemistry at York University, Toronto, now sadly passed on, who had been one of Bos's larrikin mates at ANU-only the voles and rabbits finally derived any benefit. Bos also imported the best French wines through Buffalo, in the US, again making use of his students to avoid customs issues. He kept the wines in an expensive thermostat in his apartment, but, to his great chagrin, the wine was extensively sampled by his good mate, Alan Sargeson, who stayed in the apartment during a visit to the American continent while Bos was visiting Australia.
Bos remained unmistakably and authentically Australian, although he never occupied a permanent academic position in Australia. He visited the country quite frequently to take up visiting appointments-for example, to collaborate with Hans Freeman at the University of Sydney on plastocyanin and related copper chemistry-at the same time, of course, he took the opportunity to visit cousin George and his family.
He kept a small number of close friends from Australia in his circle in Toronto and Chicago, including Doug Butler and a carpet-dealer, Peter Templeton, whose daughter, Clio, attended Bos's funeral in Canberra.
In 2006, at the age of 70, Bos retired from the University of Chicago, ceremonially destroyed his undergraduate lecture notes (always written on yellow paper, as he explained, so that ageing would not be readily apparent), and returned in 2008 to his old stamping ground, Canberra, as visiting fellow in the Research School of Chemistry, ANU. He was accompanied by his American wife, Jayne, whom he had dated on the internet and married, to the astonishment of most of his acquaintances, in 1992 in Chicago. The photograph in figure 15 was taken on their wedding day in Professor Jack Halpern's garden. Although he had seemed happy and in his element in Chicago, the choice of Canberra was probably dictated by the better climate and the possibility of being close to friends of long-standing, including the retired X-ray crystallographer Glen Robertson (always referred to as 'Sunshine' on account of his lugubrious expression, and now sadly passed on) and Malcolm Gerloch (always referred to as 'Gridlock') and his wife, Gwyneth. Malcolm and Bos were friends from early days in the UK; Malcolm, whose research interests lay in the magnetic behaviour of transition element compounds, had finished his career at Cambridge and emigrated to Australia after retirement. Bos also maintained close ties in Canberra with his earlier postdoctoral fellows, Bruce Wild and Greg Jackson; he had been best man at Bruce's wedding in Toronto. Bos and Jayne bought a house in Canberra and he spent time re-modelling the garden and following the machinations of US politics online. My impression is that his earlier move from Toronto to Chicago coincided with a rightward shift in his political views or, at least, a recognition that such views were intellectually respectable in the US. However, his main activity was to delve into the literature of climate change. He convinced himself, contrary to the views of most climate scientists, that the evidence for human-induced climate change was not persuasive, but, unsurprisingly, his numerous letters in this vein to successive presidents of the Royal Society left them unmoved.
Sadly, in Canberra, Jayne's health gradually deteriorated and she succumbed in November 2014 to the rare Creutzfeldt-Jakob disease. Although he had by this time given up smoking, Bos's health after her passing rapidly worsened and he passed on, from lung cancer, some six months later. During this difficult period, Malcolm and Gwyneth Gerloch gave him selfless and unstinting support.
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